surface of GaAs.
I. INTRODUCTION Recently we introduced a technique for realistic simu- lations of atomic motion in systems with covalent or metallic bonding. ' The essential idea is to compute the atomic forces directly from the electronic structure, via the Hellmann-Feynman theorem. This problem is reduced to manageable proportions with the use of novel
Green's-function methods and integration in the complex energy plane.
In the present paper, we (1) provide some refinements of the general technique, (2) describe an approximate version that employs a tight-binding Hamiltonian ' and repulsive potential, ' and (3) demonstrate that the method works by showing results for time-dependent chemisorption on GaAs(110) .
following the nuclei. There are three contributions to the total energy U:
U=U"-U"+U;. ", . (2.3) Our approximate treatment of (2. 3) will be essentially the same as that of Chadi. ' In representing the last two terms ( U;,", -U")we will use a repulsive potential P(r), rather than Chadi's quadratic expansion (U, In the present approach, F" is calculated from the electronic structure, ' ' * ' rather than classical n-body potentials. Let the electrons be divided into valence electrons, whose states will be regarded as adiabatically changing in response to the motion of the nuclei, and core electrons, whose states will be regarded as rigidly U= U,|+U" with U"given by a repulsive pair potential P(r): (2.5 ) (2.6) Here r, . is the separation of atoms i and j. We will also calculate the electronic energies ck using a semi empirical tight-binding Hamiltonian, ' with the intra-atomic matrix elements 0;; regarded as atomic energies, and the inAlso, U" is the energy associated with the electronelectron Coulomb repulsion, which is doubly counted in (2.4) , and U;,", is the ion-ion Coulomb repulsion, with an ion defined to be the atomic nucleus plus core electrons.
One can regard the interaction between two atoms as consisting of (1) (2.13) V(r) ( +PP(r) . (2.14) For identical atoms this becomes Since the bonding state is doubly occupied and the antibonding state unoccupied, the total energy of (2.5) is 3& F(r)= -2a~V(r) ( +py(r), (2.15) BU, )
F"=- (2.22) so the strength of the electronic force is determined by the interatomic matrix element V(r) and its dependence on the separation of the atoms r. An isolated cluster of atoms, however, is only a crude approximation to a real solid surface. In the next subsection, therefore, we describe a method for treating a semiinfinite material. The central idea is to replace the Hamiltonian H, for an isolated cluster of n,~atoms, by a "subspace Hamiltonian" H, "b(e}, for a subspace of n"atoms within a semi-infinite (or infinite) system.
In the present approach, we allow a set of n atoms to move. The remaining atoms are taken to be motionless, but their effect on the electronic structure is included exactly, using Green's-function methods. Since the motion of an atom alters its interaction with neighboring atoms, these neighbors must also be included in the perturbation subspace represented by H,"b. I.e. , we have n,&&n where n, & is the number of atoms in the perturbation subspace and n is the number in the movement subspace. "
We mention that one can include the motion of the atoms outside the movement subspace approximately -e. g., in the harmonic approximation (using the phonon Green's function ' ' } or in some stochastic approximation. ' In the present paper, however, we treat these atoms as fixed at their equilibrium positions -with the surface relaxation ' included -so that they influence the simulation only through their repulsive potentials and their effect on the electronic structure. In order for (2.42b) to be a good approximation, the E(I should be more densely spaced as the real axis is approached, since E;(E) and p;(E} begin to deviate significantly from E' and 1t as ImE~O along Cz. We -F (2.50b) where Fz is given by (2.42} . Recall that the sample energies E(l of (2.42b) are distributed along Cz between EF and EF+i E,", with nearly all the E( near the real axis.
It is easy to see that (2.50) reduces to the result (2.23) for an isolated cluster if we neglect the energy dependenCe Of H,"b,taking E;(E)=E' and tp;(E)=g;(E)=pc.
In this "cluster approximation, " (2.42 We choose the unit of time to be the same as the time step, Et=1.04)&10 ' sec, i.e. , t'=tlat. In the simulations reported below, only two atoms are allowed to move -the surface atom at the origin and the incoming atom. The other atoms in the semi-infinite solid affect the simulation because they are electronically coupled to the moving atoms, as described in the preceding section, and they are also represented by repulsive potentials. They are, however, motionless in these first simulations with the present technique. As mentioned in the preceding section, the electronically perturbed subspace is larger than the movement subspace. With two atoms allowed to move, there are five atoms in the electronic subspace, since the surface Ga at the origin of Fig. 2 x QQ.
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GaAs Figure 4 shows a simulation for a 0 atom released with exactly the same initial conditions as the Cl shown above.
Since 0 is light, it vibrates with high frequency in the y and z directions. Again, however, it vibrates with a long period and large amplitude in the x direction, for which there is only a small angle-bending restoring force (in a nearest-neighbor approximation). Figure 5 shows a simulation for As, which bonds at the Ga -Ga bridge site 5. The initial conditions in the present simulations -zero velocity and the Ga -As bridge site 3 -were chosen in order not to bias the motion of the chemisorbing atom.
I.e. , it can choose to bond either to the cation (Ga) or the anion (As). As one expects, the electronegative group-V, -VI, and -VII atoms tend to bond to the cation. Furthermore, it will be seen below that the electropositive group-I, -II, and -III atoms tend to bond to the anion.
For group-IV elements, however, one expects that Ga and As will be about equally attractive. This is confirmed by the simulations of Figs. 6 Fig. 8 , an Al atom is released at a point exactly above a surface As. Initially repelled upward, apparently because of the outward As relaxation, the Al moves to site 1 of Fig. 2 , where it bonds to the single As atom. Its high-frequency bond-stretching vibrations are superimposed on low-frequency vibrations, perpendicular to the As -Al bond, for this initial chemisorption site. Figure 9 shows a simulation for Cu. As one might expect, this electropositive atom is attracted by the anion, bonding at the As -As bridge site 2 for this set of initial conditions. ACKNOWLEDGMENTS
